During the early development of Artemia there is an increase in mitochondrial enzyme activities of about one order of magnitude, whereas the activities of two cytoplasmic enzymes tested as controls remain unaltered. The mitochondrial enzyme activation correlates with (i) large changes in mitochondrial morphology, (ii) a 5-fold increase in the amount of the H + -ATP synthase β-subunit and (iii) a dramatic increase in the steady-state level of mitochondrial mRNAs, whereas mitochondrial rRNA concentrations remain mostly unchanged. In contrast, the level of mitochondrial DNA does not change significantly during the
INTRODUCTION
The biogenesis of functional mitochondria depends on two different processes, organelle proliferation and organelle maturation, and requires the co-ordinated expression of multiple genes encoded in two physically separated genomes, nuclear and mitochondrial [1] . Different physiological conditions such as metabolic changes, cell proliferation, differentiation and development require the active synthesis of mitochondrial proteins. One well-established mechanism controlling mitochondrial biogenesis is gene dosage. For example, in the chronic contractile stimulation of mammalian skeletal muscle, there is a large increase in the amount of mitochondrial DNA (mtDNA) which correlates with an increase in mitochondrial transcripts [2] . However, in other physiological circumstances such as liver differentiation, hormone response or embryogenesis, transcriptional and\or translational mechanisms of control have been invoked [3] [4] [5] [6] . The characterization of the promoter regions of nuclear-encoded mitochondrial genes has allowed the identification of protein-binding sites that may play an important role in controlling the interaction between nuclear and mitochondrial genomes [7] [8] [9] , and recently, two transcription factors involved in mitochondrial biogenesis have been cloned and characterized [10, 11] . However, the mechanisms that control the expression of the mitochondrial genome are poorly understood.
MtDNA has been characterized in a variety of organisms and its complete sequence obtained in several animals, including vertebrates and invertebrates (for a review, see ref. [12] ). In most cases, animal mtDNA encodes two rRNAs (12 S and 16 S), 22 tRNAs and 13 polypeptides, all of which are subunits of the respiratory complexes present in the inner mitochondrial membrane. These comprise cytochrome b, three subunits of cytochrome c oxidase (COI, II and III), seven subunits of NADH dehydrogenase (ND1-6 and ND4L) and two subunits of H + -Abbreviations used : mtDNA, mitochondrial DNA ; β-ATPase, β-subunit of the F 1 -ATP synthase complex ; ATPase 6-8, subunits 6 and 8 of the ATP synthase complex ; COI, subunit I of cytochrome c oxidase ; ND5, subunit 5 of NADH dehydrogenase.
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first 20 h after resumption of development. After hatching, the mitochondrial DNA content increases twice in parallel with one round of cellular division, thus indicating that mitochondrial and nuclear replication are coupled in Artemia postgastrular development. The data presented strongly suggest that mitochondrial maturation in the absence of significant mitochondrial proliferation is responsible for the dramatic increase in mitochondrial function that takes place after resumption of development in Artemia.
ATP synthase (ATPase 6, 8) . Therefore its contribution to mitochondrial biogenesis is low in quantitative terms but extremely important for oxidative phosphorylation, the main physiological function of mitochondria. Early development is an especially critical period when large increases in mitochondrial respiration and coupling occur. In spite of the obvious importance of learning about the mechanisms that control mitochondrial biogenesis during development, few studies have been carried out [3, [13] [14] [15] .
The developmental biology of the brine shrimp Artemia presents interesting features. In the presence of unfavourable environmental conditions, the Artemia female lays dormant gastrulae which undergo desiccation and so can remain viable for years. Once placed in suitable conditions, the dormant embryo (cyst) resumes development giving rise to a swimming larva (nauplius). This developmental period occurs with large morphogenetic changes which take place in the complete absence of cell division [16] , which resumes after hatching. There is solid evidence that the metabolic arrest in Artemia is mediated by pH acidification of the cyst [17, 18] . When development resumes, there is a large increase in mitochondrial respiration and enzyme activities [19] . In this context, we have reported previously that most of the mitochondria present in the encysted gastrula are stored in the yolk granules [19] [20] [21] and that cytochrome oxidase is the molecular target for oxygen [22] , one of the environmental factors crucial for the resumption of development in Artemia. Interestingly, the resumption of oxidative metabolism associated with the release of quiescence is reversible throughout most of pre-emergence development [18, 23] , allowing the animal to cope with the biological consequences of its changing environment.
In order to understand the molecular basis of the mitochondrial activation, we have determined, during the early development of Artemia, the steady-state levels of mtDNA, some representative mitochondrial RNAs, a nuclear-encoded mitochondrial protein and several mitochondrial enzyme activities from the inner membrane and matrix. The results reveal that the increase in mitochondrial function is the result of mitochondrial differentiation in the absence of significant mitochondrial proliferation which involves a dramatic increase in the steady-state level of mitochondrial mRNAs and the accumulation of mitochondrial proteins.
MATERIALS AND METHODS

Animals
Artemia cysts (Artemia franciscana, San Francisco strain) were obtained from San Francisco Bay, Newark, CA, U.S.A. and BioMarine, Hawthorne, CA, U.S.A.
Animal culture, extracts and isolation of mitochondria
Culture, handling and counting of cysts (dormant gastrulae) and larvae (nauplii) were as described previously [19] . For determination of enzyme activities and Western-blot analyses, homogenates of animals at different stages of development were obtained in buffer containing 0.3 M sucrose, 15 % Ficoll 400, 25 mM Hepes, 60 mM KCl, 15 mM NaCl, 5 mM MgCl # , 0.5 mM CaCl # and 1 mM sodium borate, adjusted to pH 7.5, plus 0.1 mg\ml soya-bean trypsin inhibitor. Cysts (after dechorionization [24] ) and larvae were homogenized respectively in 3 vol. and 1 vol. per g wet weight and centrifuged at 150 000 g for 30 min to obtain the particulate and cytoplasmic fractions.
Enzyme assays and protein determination
Assays were carried out at 30 mC. Enzyme activities were always determined in fresh extracts and are expressed in units (µmol of substrate transformed\min). For assays involving cytochrome c, we used the value ε &&! l 18 mM −" :cm −" . Glutamate dehydrogenase (EC 1.4.1.3) was measured with 50 mM imidazole, 13.6 mM α-oxoglutarate, 0.5 M ammonium acetate, 1 mM ADP, 0.9 mM EDTA, 0.12 mM NADH and 0.1 % Triton X-100, by recording the decrease in A $%! . Cytochrome c oxidase (EC 1.9.3.1), succinate-cytochrome c oxidoreductase (EC 1.3.99.1) and malate dehydrogenase (EC 1.1.1.37) were determined as previously described [19] . Mitochondrial H + -ATPase (EC 3.6.1.34) was assayed as described by Serrano [25] and glucose phosphate isomerase (EC 5.3.1.9) as described by Vallejo et al. [26] .
Protein was determined by Bradford's method [27] , with BSA as standard.
Extraction and quantification of DNA
Total DNA was extracted from whole animals following a standard protocol [28] . The DNA samples were purified from contaminant diguanosine tetraphosphate [29, 30] by spun column chromatography on Sephadex G-50, in 10 mM Tris\HCl buffer (pH 8.0)\1 mM EDTA, and quantified either spectrophotometrically or by staining with ethidium bromide. MtDNA was determined in total DNA samples by slot-blot hybridization using a specific Artemia mitochondrial probe (12 Sj16 S in Table 1 ). Hybridization and washing of the filters were carried out as previously described [31] .
RNA extraction and quantification of mitochondrial RNAs
Total RNA was extracted from whole animals by following a published protocol [32] . The steady-state levels of mitochondrial transcripts were determined by hybridization of Northern blots with specific probes prepared from defined Artemia franciscana mtDNA clones [33] for the 12 Sj16 S, COI, ND5 and ATPase 6,8 genes (Table 1 ). Electrophoresis and hybridization were carried out as previously described [31] .
Western-blot analysis of mitochondrial proteins
The proteins of total homogenates were analysed by electrophoresis on SDS\10 % polyacrylamide slab gels (14 cmi18 cmi3 cm) by the method of Laemmli [34] . Samples were boiled for 5 min and electrophoresis was carried out at 100 V until the samples entered the concentration gel and then, at 200 V. Fractionated proteins were transferred to nitrocellulose membranes in 20 mM Tris\HCl, pH 8.0, containing 150 mM glycine and 20 % methanol using a Trans Blot Cell (Bio-Rad) apparatus, at 90 mA for 15 h in the cold-room. Transfer was checked by reversibly staining filters with Red Ponceau S. The filters were blocked for 1 h at room temperature with blocking buffer (25 mM Tris\HCl, pH 7.4, 150 mM NaCl, 1 % dry skimmed milk) and then incubated for 1 h with the antibody in blocking buffer supplemented with 0.1 % Triton X-100. After four washes with 25 mM Tris\HCl (pH 7.4)\150 mM NaCl, the filters were incubated for 30 min in blocking buffer. Subsequently, the filters were incubated for 1 h in 10 ml of blocking buffer plus 0.1 % Triton X-100 to which 2 µg of protein A-alkaline phosphatase conjugate were added to visualize the immunoreactive proteins. For colour development, the filters were incubated in Nitro Blue Tetrazolium\5-bromo-4-chloro-3-indolyl phosphate (p-toluidine salt) according to the instructions of the manufacturer (Bio Rad).
Electron microscopy
Artemia mitochondrial fractions from organisms at different stages of development were obtained as reported previously [19] . For electron-microscopic examination, samples were fixed with 2.5 % glutaraldehyde in 20 mM cacodylate (pH 7) in the cold for 1-2 h. After a wash with buffer, they were treated with 2 % osmium tetroxide in 0.1 M cacodylate for 1 h, dehydrated and embedded in Araldite. Sections (50-60 nm) were obtained with a diamond knife and stained with saturated uranyl acetate in methanol for 10 min and with lead citrate, for 3 min. Micrographs were taken in a Jeol JEM-1010 electron microscope at 80 kV.
RESULTS
Mitochondrial differentiation during early development of Artemia
During the early development of Artemia, there is a process of active mitochondrial maturation involving the induction of mitochondrial enzyme activities and an increase in respiration [19] . To confirm and extend these observations, we assayed at 
Figure 1 Developmental morphological maturation of Artemia mitochondria
The mitochondrial fractions of dormant embryos and larvae were obtained and prepared for electron-microscopic examination as described in the Materials and methods section. i12 240.
different stages of development three mitochondrial inner-membrane markers, cytochrome c oxidase, succinate-cytochrome c oxidoreductase and H + -ATPase, and two matrix markers, glutamate dehydrogenase and malate dehydrogenase. On incubation of the dormant embryos and subsequent hatching of the swimming larvae, mitochondrial enzyme activities increase by about one order of magnitude (Table 2) , ranging between 4 times (mitochondrial malate dehydrogenase) and 17 times (glutamate dehydrogenase). Interestingly, mitochondrial but not cytosolic malate dehydrogenase increases over the same time period ; glucose phosphate isomerase, another cytosolic enzyme considered to be constitutive in differentiated tissues, also does not increase.
In parallel with the increase in enzyme activities, important ultrastructural changes in the morphology of the mitochondria are observed. The encysted gastrula contains poorly differentiated mitochondria with few cristae. As development proceeds, the organelles acquire their characteristic morphology with numerous cristae ( Figure 1) .
As a molecular marker of mitochondrial maturation, we used the catalytic β-subunit of the F " -ATPase, a key component in the synthesis of ATP. Similar amounts of protein obtained from homogenates of animals at different stages of development were electrophoresed in SDS\polyacrylamide gels, transferred to nitrocellulose filters and probed with a polyclonal antibody raised against the Drosophila β-ATPase subunit [35] . The result clearly indicates that there is an increase in the amount of immunoreactive β-ATPase protein as development proceeds (Figure 2A ) which parallels the increase in H + -ATPase enzyme activity ( Table  2 ). The pattern of β-ATPase protein accumulation has two different phases : before hatching there is a moderate increase (2-fold between 0 and 12 h) and after hatching the amount of β-protein increases substantially, the amount detected at 37 h being 10 times higher than that detected in the encysted gastrula. This biphasic behaviour is also apparent in the induction of H + -ATPase activity (Table 2 ) : 1.5-fold increase between 0 and 12 h and almost 4-fold between 12 and 19 h. It is important to point out that the total amount of protein per animal decreases during development by about 50 % from the time of incubation of the dormant embryo until the end of the period studied ( Figure 2B ). This is mainly due to the extensive degradation of yolk proteins during the first few hours after resumption of development [36] [37] [38] . Therefore the increase in the amount of β-ATPase protein detected may be somewhat lower (about 50 %) than that presented in Figure 2 (A). This implies a 5-fold increase in the amount of protein between 0 and 37 h, roughly in agreement with the 7-fold increase in enzyme activity detected during the same time period (Table 2) .
MtDNA content in Artemia cysts and nauplii
We determined the steady-state level of mtDNA at different stages of Artemia development. Total DNA extracted from cysts and nauplii was slot-blotted on a nylon membrane and probed with a specific Artemia mtDNA clone as described in the Materials and methods section. In order to check the amount of DNA applied from each developmental stage, the filter was rehybridized with a cytoplasmic 18 S rDNA probe. The results indicate that the ratio of mitochondrial\nuclear DNA remained constant during the developmental period studied ( Figure 3A) . Since the amount of total DNA increased 2-3 times in the same period ( Figure 3B ), it can be inferred that the amount of mtDNA also increases by the same amount in the animal. These observations indicate that mitochondrial and nuclear DNA replication are coupled in Artemia postgastrular development and strongly suggest that the cellular content of mitochondria remains constant during the developmental period studied. From densitometric quantification of the signals, and taking into account the values of 1.6i10* bp for the Artemia haploid genome [39] and 15 822 bp for the Artemia mitochondrial genome [33] , it can be calculated that mtDNA is about 1 % of total DNA, i.e. 0.16 ng or 9i10' copies per larva, which implies a content of approx. 2000 mitochondrial genomes per cell. 
Mitochondrial gene expression during early development of Artemia
To study how the expression of the mitochondrial genome is regulated during the early development of Artemia, we evaluated the steady-state level of some mitochondrial transcripts including the 12 S and 16 S rRNAs, and the COI, ND5 and ATPase 6, 8 mRNAs. Equivalent amounts of total RNA extracted from cysts and nauplii incubated for different time periods were analysed in Northern-blot experiments using specific Artemia mtDNA clones as probes. The results are shown in Figures 4(A)-(C) , and the densitometric analysis of the hybridization signals is presented in Table 3 . The steady-state level of the 12 S rRNA does not change significantly during the period examined, and that of 16 S rRNA exhibits a moderate increase (2.6-fold), roughly in accordance with previous results [40] . To check that the lower apparent levels of 16 S rRNA than those of 12 S rRNA were real and not due to specific cleavage of the 16 S rRNA, we used two independent specific probes detecting only either 12 S rRNA (MspIHindIII fragment ; position 13477-14130) or 16 S rRNA (HindII-AccI fragment ; position 12486-12606). No significant difference was found from the results (Figure 4 ) obtained using the probe that recognizes both rRNAs (Table 1) . In Artemia mtDNA, the two rRNA genes are located together separated by one single tRNA [33] as has been found in vertebrates and other invertebrates [12] . This implies that they are probably transcribed in one single polycistronic message and that the difference in the
Figure 4 Mitochondrial transcription is activated immediately after resumption of Artemia development
Total RNA (5 µg) extracted from embryos and larvae at the developmental stages indicated were electrophoresed overnight on a 1.2 % agarose/formaldehyde gel and blotted on to a nylon membrane. Transcripts were detected with specific probes for the 12j16 S rRNAs (A), ND5 (B) and COI and ATPase 6-8 (C). The fluorescence of the cytoplasmic rRNAs is shown for each blot. Eth Br, ethidium bromide. A representative example of at least three independent experiments is shown.
steady-state level detected should respond to differences in RNA stability. The results obtained for the mitochondrial mRNA transcripts have shown a completely different picture (Figures 4B  and 4C and Table 3 ). In all the cases studied (ND5, ATPase 6, 8, COI), the steady-state level was very low in encysted embryos and their amounts increased dramatically, ranging between 10 times (ND5) and 19 times (COI). The accumulation of mRNAs is detected very soon after the release from dormancy (before 2 h), and their steady-state levels continue increasing as development proceeds. This early increase in mitochondrial tran- scripts contrasts with the lack of quantitative differences in cytosolic mRNA pools in dormant as compared with actively developing embryos [41] .
DISCUSSION
The transition from the quiescent ametabolic stage of the Artemia encysted gastrula to the active oxidative metabolism characteristic of early development implies the activation of energyproducing pathways including oxidative phosphorylation. In fact, after resumption of development of the dormant cyst there is a dramatic induction of mitochondrial enzyme activities and mitochondrial maturation that is evident at the morphological level. As a molecular marker of mitochondrial differentiation, we determined the level of β-ATPase subunit present at different times of development. We found a parallel increase in the protein and the activity of H + -ATPase (roughly 5-fold) in the developmental period examined. The rate of accumulation of β-ATPase protein is moderate during the pre-emergence period (determined up to 12 h) and increases substantially after hatching of the nauplius. These results are in agreement with the reported synthesis of nuclear-and mitochondrial-encoded subunits of cytochrome oxidase during Artemia pre-emergence development [42] . The moderate increase in the synthesis of β-ATPase in the pre-emergence period may be related to the reversibility of development observed in this period [23] .
As a first step to evaluating mitochondrial gene expression during the early development of Artemia, we quantified the steady-state level of mtDNA in cysts and nauplii at different stages of development. In the systems studied to date, the ovulated eggs are enormously enriched in mitochondria accumulated during the process of oogenesis. The most dramatic case is the Xenopus egg, with mtDNA representing 90 % of total DNA [43] . During early development, mitochondria segregate into the different cells reaching a plateau level of several hundreds of mitochondria per somatic postmitotic cell, with mtDNA representing roughly 1 % of total DNA [44] . The first developmental stage we examined in Artemia is the gastrula, and the amount of mtDNA is already 1 % of total DNA. This result indicates that the mitochondria presumably stored in the oocyte have been fully distributed by this time and the content of mtDNA has already reached that found in adult cells. Its steady-state level does not change before hatching ; after hatching, the amount of mtDNA per animal is doubled in association with one round of cell division.
These results strongly suggest that the number of mitochondria per cell remains constant during the early development of Artemia, in accordance with previous observations showing that the majority of mitochondria are stored in the yolk granules, from which they are released as development proceeds [19] [20] [21] . The existence of mitochondria within yolk granules has been confirmed more recently by others [18] . Cytochrome c oxidase [37] and DNA [18] were histochemically localized in these organelles. The dormant embryo of Artemia is very rich in yolk granules, comprising 80 % of the total egg protein [24] . The degradation of these organelles on resumption of development is a controlled process [36, 37] and may allow activation of the stored mitochondria at the times required by the energetic needs of the animal.
We evaluated the steady-state level of some mitochondrial transcripts during Artemia development. A large proportion of the rRNA detected in late larvae is already present in the gastrula stage, probably reflecting the accumulation of mitochondrial ribosomes needed for the activation of the translational machinery [41] . In contrast, the levels of mitochondrial mRNAs are very low in gastrula, and on resumption of development there is a rapid and continuous increase in their steady-state levels. The accumulation of mitochondrial mRNAs during development takes place without an increase in mtDNA content, indicating that the control of mitochondrial gene expression is at the level of mRNA transcription and\or mRNA stability. One interesting possibility that remains to be checked is whether, after the resumption of development, the activation of the mitochondrial translation system stabilizes the newly synthesized mitochondrial mRNAs as compared with the period leading up to developmental arrest. The selective accumulation of mitochondrial mRNAs compared with rRNAs has also been found in other systems. However, the time of activation of the mitochondrial genetic system is different in the various developmental systems studied to date, probably reflecting the different developmental strategies. In the mouse, it has been observed at the 4-8-cell stage [13] , in Xenopus, after the nerula stage [14] , and, in sea urchin, between the egg and blastula stages [3] . In the two fishes studied, the activation was observed at the beginning of the gastrula stage [15] . In general, the degree of accumulation of the transcripts in the different systems should depend on the individual half-lives.
In summary, the results presented in this paper indicate that, in Artemia during the transition from the encysted gastrula to the larva, a large amount of mitochondrial maturation in the absence of significant mitochondrial proliferation takes place. This subcellular differentiation involves rapid accumulation of mitochondrial mRNAs and the mitochondrial proteins needed to activate oxidative metabolism.
